TLR9 activation is important for the maintenance of mycobacteria-elicited pulmonary granulomatous responses, hallmarks of protective immune responses following mycobacterial infection. However, the mechanism or mechanisms underlying this effect of TLR9 are not clear. Here, we show that Tlr9-deficient mice challenged with a Mycobacterium antigen display an altered Th17 cytokine profile, decreased accumulation of granulomaassociated myeloid DCs, and profoundly impaired delta-like 4 (dll4) Notch ligand expression. Mechanistic analysis revealed that WT bone marrow-derived DCs but not macrophages promoted the differentiation of Th17 cells from bacillus Calmette-Guérin-challenged (BCG-challenged) lung CD4 + T cells. Both lung and bone marrow DCs isolated from Tlr9-deficient mice inoculated with Mycobacterium antigen expressed lower levels of dll4 Notch ligand than the same cells isolated from WT mice. Passively immunizing WT mice with neutralizing antibodies specific for dll4 during granuloma formation resulted in larger granulomas and lower levels of Th17-related cytokines. In addition, dll4 specifically regulated Th17 activation in vitro. Together, these results suggest dll4 plays an important role in promoting Th17 effector activity during a mycobacterial challenge. Furthermore, TLR9 seems to be required for optimal dll4 expression and the regulation of Mycobacterium antigen-elicited granuloma formation in mice.
Introduction
Granulomas represent a spectrum of inflammatory sequestration responses that may be initiated by a variety of agents, including noninfectious environmental factors and infectious microbial pathogens (1, 2) . One of the most well-characterized bacteriainduced granulomagenic diseases is tuberculosis. It has been estimated that one-third of the world's population is infected with Mycobacterium tuberculosis - resulting in more than 8 million cases of active tuberculosis with 1.6 million deaths globally in 2005 alone (3) . While the mechanism or mechanisms of granuloma formation are not clear, this distinct cellular response is considered a histologic hallmark for a protective immune response. The granulomatous reaction is likely initiated by innate immune events; however, the continued intensity and chronicity is dependent upon the engagement of acquired immune mechanisms. We previously described a model of polarized Th1 cell-mediated anamnestic pulmonary granulomatous inflammation in sensitized mice induced by pulmonary embolization of agarose beads coated with covalently bound Ags of mycobacteria-derived purified protein derivative (PPD) (4) . Cytokine and chemokine analyses of this model indicated protein profiles consistent with a predominant Th1 cell involvement and histologically showed an enrichment of DCs and macrophages at the granuloma sites (5, 6) .
DCs and macrophages can respond to microbial ligands through TLRs (7) , which function in the recognition of microbial components and play an important role in both the innate and adaptive immune responses (8) (9) (10) . Microbial products, including Mycobacterium Ags, can activate specific TLR and induce specific gene transcription, resulting in the upregulation and secretion of select chemokines and cytokines (11) (12) (13) . The involvement of TLR2, TLR4, TLR6, and TLR9 has been shown to be important in the recognition of Mycobacterium Ags in both mice and humans (14) (15) (16) . TLR9 recognizes both viral and bacterial CpG-DNA motifs including those of mycobacteria, which, when bound to TLR9 on macrophages and DCs, cause their activation (17) (18) (19) (20) . In a previous study, we demonstrated that TLR9 activation is essential for the maintenance of a Mycobacterium Ag-elicited pulmonary granulomatous response; however, the exact mechanism is not known (21) .
CD4 + T cells are essential regulators of immune responses and inflammatory diseases. Recently, IL-17-producing T cells have been described and named Th17 (22) . Th17 cells are preferential producers of IL-17A and IL-17F (22) and play an essential role in host defense via protection against bacterial pathogens (23, 24) . A combination of TGF-β plus IL-6 was recently shown to be essential for the initial differentiation of Th17 cells (25) . Upon differentiation, IL-21 is significantly induced by the developing Th17 cells and acts in an autocrine fashion to amplify this population (26, 27) . IL-23, a p40p19 heterodimeric cytokine (28) , then stabilizes the differentiated Th17 cells (29) . Despite our growing knowledge of Th17 cells, the mechanism triggering IL-17 expression in these cells and their role in host defense within the context of granuloma formation remains to be determined.
Recent data have indicated that the controlled expression of Notch receptor proteins on Th cells is essential for normal T cell development and maturation (30) . There are 5 mammalian ligands (delta-like 1 [dll1], dll3, dll4, Jagged-1, and Jagged-2), each of which can activate any of the 4 Notch receptors (Notch1, -2, -3, -4) (31). APCs, which express both Notch ligands and TLRs, can also induce naive T cell differentiation to Th1 or Th2 phenotypes with TLRligand binding (32) . The connection between the TLR and Notch pathways has helped to define the complex role of APCs in the regulation of Th1/Th2 differentiation. In the presence of functional MyD88, TLR binding activates the upregulation of dll4, which causes the differentiation of naive Th cells to a Th1 phenotype. In the absence of functional MyD88, TLR pathways are inactive and constitutively expressed Jagged-1 can cause the differentiation of naive Th cells to a Th2 phenotype (33, 34) . In contrast, precisely how Notch protein activation regulates Th17 cell phenotype and the relationship of TLRs in these processes is poorly understood.
In the present study, Th17 cytokine (IL-17A, IL-17F, IL-6, IL-21, IL-23, TGF-β) expression was determined in both WT and Tlr9 -/-mice immunized with bacillus Calmette-Guérin (BCG) and subsequently challenged with PPD-coated beads to induce lung granulomas. We demonstrate that Tlr9-deficient mice developed significantly larger granulomas with an abrogated Th17 cytokine profile and an impaired accumulation of DCs as compared with control mouse granulomas. Lung- and BM-derived DCs from Tlr9 -/-mice stimulated with Mycobacterium Ags showed lower expression of both Th17 cytokines such as IL-6 and the Notch ligand dll4. We also found that BM-derived DCs but not BM-derived macrophages promoted Th17 differentiation of lung CD4 + T cells while both of these APCs promoted Th1 differentiation. Our results further showed that specific neutralization of dll4 during pulmonary granuloma formation induced development of larger granulomas and decreased levels of Th17-type cytokines. Moreover, in in vitro experiments, anti-dll4 Ab specifically blocked IL-17 expression, while overexpression of dll4 augmented IL-17 production. The results of this study show that dll4 influences the development of Th17 and that TLR9 deficiency leads to impaired dll4 induction, which collectively provides a key pathway for mechanistically controlling mycobacteria-dependent granulomatous responses.
Results

Tlr9 -/-mice display an altered cytokine phenotype during Mycobacterium
Ag-elicited pulmonary granuloma formation. To investigate the role of TLR9 on the effector stage of Mycobacterium Ag-elicited responses, mice were sensitized intratracheally with 2.5 × 10 5 CFUs of live BCG and 14 days later challenged via the tail vein with PPD-coupled beads. As shown in Figure 1 , there is a striking histological ( Figure 1A ) and size ( Figure 1B ) difference between the BCG/ mycobacteria-induced lung granuloma developing in WT and that in Tlr9 -/-mice. To understand the differences between pulmonary granuloma formation in Tlr9 -/-and WT mice, we examined the cytokine profile in the granulomatous lungs. When compared with lungs of WT mice, granulomatous lungs of Tlr9 -/-mice expressed significantly lower levels of IL-17 protein ( Figure 1C ) as well as decreased IL-17A and IL-17F mRNA expression (Figure 1 , D and E). Moreover, the mRNA expression levels of IL-6, IL-21, and IL-23p19, which respectively support the differentiation, expansion, and stabilization of Th17 cells, were significantly reduced in Tlr9 -/-mice at most time points considered ( Figure 1F ). Interestingly, the mRNA expression level of TGF-β was not altered in the granulomatous lungs. We also investigated TNF-α and IL-10 expression, as Th17 responsiveness is amplified by TNF-α (35) and inhibited by IL-10 (36). As shown in Figure 1F , the mRNA expression of TNF-α was decreased while that of IL-10 was enhanced in Tlr9 -/-mice compared with WT mice. The protein expression data also showed significantly enhanced cytokine levels of IL-6, IL-23, and TNF-α in WT mice compared with Tlr9 -/-mice (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI35647DS1).
Impaired Th17 cell phenotype and reduced numbers of myeloid DCs in Tlr9 -/-mice during pulmonary granuloma formation. To further characterize the changes in Th profiles that occurred between WT and Tlr9 -/-mice during granuloma formation, the populations of Th1, Th2, and Th17 cells from PPD-bead challenged mice were assessed. Flow cytometric analysis revealed that the number of IFN-γ- and IL-4-producing CD4 + T cells was similar between these mice, while the number of IL-17-producing CD4 + T cells was severely decreased in Tlr9-deficient lungs 4 days after PPD-bead challenge ( Figure 2, A and B) .
Since Th cell subset differentiation and activation involves signals provided by APC populations, we hypothesized that TLR9 deletion might influence Th17 cell activity by affecting APCs. We first assessed numbers of APCs in granulomatous lungs by examining CD45 + leukocytes 4 days after PPD-bead challenge. Compared with WT mice, the number of myeloid DCs (mDCs) (CD11b + CD11c + ) was significantly decreased in Tlr9 -/-mice, while plasmacytoid DC (B220 + CD11c + ) numbers were similar in both sets of mice ( Figure 2C ). In contrast, the number of F4/80 + macrophages was significantly increased in Tlr9 -/-mice ( Figure 2C ). However, the number of Gr-1 hi neutrophils was similar in both groups of mice ( Figure 2C ). These results were also supported by confocal immunofluorescent analysis, which showed fewer CD11c + staining cells (red) and an increase in F4/80 + cells (green) associated with the local lung granulomas in Tlr9 -/-mice ( Figure 2D ).
To further determine the reason why the number of DCs was reduced in Tlr9 -/-mice, we investigated chemokine expression during granuloma formation. As shown in Figure 2E , the mRNA expression levels of CCL20 and CCL22 were significantly decreased in Tlr9 -/-mice. Interestingly, CCL20 and CCL22 have been shown to play a crucial role in the recruitment of immature DCs into inflammatory lesions (37, 38) .
Tlr9 -/-mice display altered mDC mobilization and dll4 Notch ligand expression during Mycobacterium Ag-elicited pulmonary granuloma formation. We next examined possible functional changes in DCs from Tlr9 -/-mice during pulmonary granuloma formation. We initially assessed the cytokine profile of DCs recovered from granulomatous lungs. In these experiments, lung CD11b + CD11c + DCs were sorted on a FACSAria cell sorter (BD Biosciences). After DC purification, more than 95% of the cells were CD11b + CD11c + . DCs from Tlr9-deficient lungs harvested at day 4 after PPD-bead challenge showed lower mRNA levels for IL-6, IL-12p40, and IL-23p19 compared with those from WT mice ( Figure 3A) . In contrast, the Tlr9-deficient DCs showed enhanced IL-10 mRNA levels ( Figure  3A) . We also measured transcripts for Notch ligands dll4 and Jagged-1, which can differentially affect Th differentiation/activation.
In particular, dll4 has been reported as an important factor for differentiation of Th cells (33) . As shown in Figure 3B , levels of dll4 mRNA were significantly lower in Tlr9 -/-mice, whereas Jagged-1 mRNA levels were similar between WT and Tlr9 -/-lung DCs ( Figure 3B ). Notch ligands dll1, dll3, and Jagged-2 were below detection levels of our assay (data not shown). In agreement with the DC transcript data, we also found that dll4 mRNA levels were increased in whole granulomatous lungs from WT mice over the study period ( Figure 3C ), while the expression of dll1, Jagged-1, and Jagged-2 was unchanged. dll3 was not detected here or in any experiments described below. In contrast, dll4 mRNA levels were profoundly reduced in whole granulomatous lungs from
Figure 1
Tlr9 -/-mice showed larger pulmonary granulomas and impaired Th17 cytokine levels. All panels compare parameters between WT and Tlr9 -/-mice. (A) Lung tissues were histologically analyzed by H&E at day 4 after initiation of lung granuloma. Original magnification, ×100. (B) Kinetic analysis of the development of lung granulomas using morphometric analysis of the evolving lung lesions in WT and Tlr9 -/-mice. Dotted line represents mean granuloma cross-sectional area (μm 2 ) ± SEM. *P < 0.05; **P < 0.001. (C) Protein levels of IL-17 measured in whole lungs using a Luminex system. Data shown are mean ± SEM and are from a representative experiment of 4 independent experiments. † P < 0.01. Tlr9 -/-mice compared with WT mice over the study period ( Figure  3D ). As with the purified DCs, there were no significant differences in Notch ligand dll1, Jagged-1, and Jagged-2 mRNA levels in whole granulomatous lungs from WT and Tlr9 -/-mice (data not shown). In addition, flow analysis demonstrated that lung mDCs (CD11b + CD11c + ) expressed lower protein levels of dll4 in Tlr9 -/-mice compared with WT mice ( Figure 3E ).
BM-derived DCs from Tlr9 -/-mice produce lower levels of Th17-related cytokines with impaired dll4 expression after BCG stimulation. The above studies suggested that APCs from Tlr9 -/-mice were functionally altered at least with regard to specific cytokine and dll4 Notch ligand expression. To determine whether the TLR9 signaling pathway regulates dll4 Notch ligand expression, we stimulated BMderived DCs with CpG for 6 hours, harvested cells, and assessed samples for mRNA expression. The mRNA level of dll4 was dramatically and significantly increased compared with that of other Notch ligands, dll1, Jagged-1, and Jagged-2, in BM-derived DCs from WT mice ( Figure 4A ).
To further investigate whether dll4 might influence T cell activation, we generated APCs from WT and Tlr9 -/-BM for use in a cytokine elicitation assay. Since macrophages and DCs are significant cellular components of granulomas as well as potential APCs, we generated both DCs and macrophages from BM of WT and Tlr9 -/-mice. These were first characterized by their ability to express specific cytokine and Notch ligand mRNA. DCs and macrophage cultures were infected with BCG (MOI = 0.1 or 1) for 6 hours. Cells were harvested and samples assessed for mRNA expression. The BCG-elicited transcripts for IL-6, IL-12p40, IL-23p19, and TNF-α were significantly lower in BM-derived DCs from Tlr9 -/-mice when compared with BM-derived DCs from WT mice ( Figure 4B ), while IL-10 transcripts were undetectable (data not shown). In contrast, BM-derived macrophages from Tlr9 -/-mice and WT mice showed no significant differences in expression levels of IL-12p40, IL-6, and IL-23p19 mRNA ( Figure  4C ). However, TNF-α transcripts were significantly lower, while IL-10 mRNA levels were enhanced in BM-derived macrophages from Tlr9 -/-mice ( Figure 4C ). These macrophages did not show alternatively activated macrophage characteristics such as increased FIZZ-1 and Arginase-1 expression, and there was no significant difference in the expression of these in BM-derived macrophages from WT and Tlr9 -/-mice during BCG stimulation (Supplemental Figure 2) . In regard to Notch ligands, dll4 transcript induction was significantly decreased in Tlr9 -/-DCs with no effect on Jagged-1 transcripts ( Figure 4B ). In contrast, no significant difference in dll4 expression was observed in BCG-challenged or -unchallenged macrophages derived from WT or Tlr9 -/-mice ( Figure 4C ). Also, no transcript expression of the Notch ligands dll1, dll3, and Jagged-2 was detected in BM-derived macrophages (data not shown). Flow analysis data showed BM-derived DCs express lower protein levels of dll4 in Tlr9 -/-mice compared with in WT mice during BCG stimulation ( Figure 4D) .
A bioplex proteomic assay or ELISA system was used to compare the cytokine protein phenotypes for IL-12p40, IL-6, TNF-α, IL-10, and IL-23 in BCG-stimulated BM-derived DCs and macrophages recovered from Tlr9 -/-and WT mice. Our results showed a decrease in IL-12p40, IL-6, and IL-23 protein production in BM-derived DCs from Tlr9 -/-mice compared with those from WT mice, while BM-derived macrophages from both WT and Tlr9 -/-mice produced comparable low levels of IL-12p40 and similar amounts of IL-6 and IL-23 (Supplemental Figure 3, A, B , and E). We also investigated TNF-α and IL-10 protein production from BM-derived macrophages, which were the main source of these cytokines; interestingly, macrophages from the Tlr9 -/-mice expressed significantly lower levels of TNF-α and significantly higher levels of IL-10 compared with macrophages from WT mice (Supplemental Figure 3, C and D) .
Figure 3
Lung DCs from Tlr9 -/-mice exhibit decreased expression levels of both Th17-related cytokine and dll4. Lung mDCs (CD11b + CD11c + ) were purified from granulomatous lungs using cell sorter at days 0 and 4 after PPD-bead challenge. mRNA levels were quantitated as described in Methods. (A) Gene expression levels of IL-6, IL-10, IL-12p40, and IL-23p19 in lung DCs. *P < 0.03; **P < 0.01 compared with lung DCs from WT mice. (B) Gene expression levels of Notch ligands in lung DCs. *P < 0.03 compared with lung DCs from WT mice. (C) Gene expression levels of Notch ligands (dll1, dll4, Jagged-1, and Jagged-2) in whole lungs from WT mice during granuloma formation. (D) Gene expression of dll4 in whole lungs from WT and Tlr9 -/-mice during granuloma formation. † P < 0.05. (E) The level of dll4 in lung mDCs (CD11b + CD11c + ) from WT or Tlr9 -/-mice was determined with flow cytometry using a specific polyclonal Ab against dll4. Significant differences in MFI were seen when dll4 protein expression in DCs from WT mice was compared with Tlr9 -/-at day 4. Data shown indicate mean ± SEM and are from a representative experiment of 3 independent experiments. Each time point represents at least 4 mice per group.
Specific neutralization of IL-6 during Mycobacterium Ag-elicited pulmonary granuloma formation increases granuloma size with impaired Th17 cells. IL-6 plays an important role in the differentiation of Th17
, and Tlr9 -/-mice showed lower expression of IL-6 in both whole lungs and DCs during granuloma formation when compared with WT mice. To further examine the distinct role of IL-6, we blocked its activity with anti-IL-6 Abs. This treatment in WT mice recapitulated the Tlr9 -/-state, resulting in significantly larger granulomas ( Figure 5, A and B) , and abrogated IL-17 production ( Figure  5C ). Specifically, the treatment of mice with anti-IL-6 Ab led to a significant decrease not only in IL-17A and IL-17F expression but also in IL-21 expression ( Figure 5D ). Moreover, flow cytometric analysis revealed that the number of IFN-γ- and IL-4-producing CD4 + T cells was similar between anti-IL-6-treated mice and control mice, while the number of IL-17-producing CD4 + T cells was significantly decreased in anti-IL-6 Ab-treated lungs 4 days after PPD-bead challenge ( Figure 5, E and F) .
BM-derived DCs but not macrophages promote the expression of IL-17 from lung T cells during a BCG-induced immune response.
We next compared BCG-stimulated DCs and macrophages with respect to their influence on lung CD4 + T effector cell expression using a coculture cytokine elicitation assay. As shown in Figure 6 , both BM-derived DCs and BM-derived macrophages were able to induce IFN-γ production by CD4 + T cells isolated from the granulomatous lungs of either WT or Tlr9 -/-mice ( Figure 6 , A and C). However, IFN-γ production was significantly less when the DCs or macrophages were derived from Tlr9 -/-mice ( Figure 6, A and C) . Interestingly, only BM-derived DCs were capable of inducing IL-17; however, DCs recovered from Tlr9 -/-mice were impaired in this capacity, as compared with DCs from WT mice. (Figure 6, B and D) .
dll4 regulates mycobacteria-elicited Th17 effector cell expression. Our studies of BM-derived APCs suggested that CD11c + mDCs but not macrophages supported the Th17 effector response. Moreover, Tlr9 -/-mDCs from either granulomatous lungs or from BM showed a consistent defect in dll4 Notch ligand expression, pointing to a possible relationship among TLR9, dll4, and Th17 effector expression. To test this in vivo, we blocked dll4 functionality in WT mice by passive immunization with Ab directed against murine dll4. This treatment recapitulated the Tlr9 -/-state, resulting in significantly larger granulomas ( Figure 7, A and B) , reduced mDC elicitation ( Figure 7C ), altered IL-17 protein levels ( Figure 7D) , and lower Th17-related cytokine transcript expression ( Figure 7E) . Specifically, the treatment of mice with anti-dll4 led to a significant decrease in both IL-17A and IL-17F expression compared with that in control mice ( Figure 7E ) and decreased the expression of Th17-related cytokines IL-6 and IL-21 ( Figure  7E ). There was no significant difference in IL-23p19, TNF-α, and TGF-β expression between treated and control groups (data not shown). To further characterize the effect of dll4 blockade during granuloma formation, we evaluated DC numbers in the lungs of control and anti-dll4-treated mice by flow cytometry 4 days after PPD bead challenge. As shown in Figure 7C , the number of mDCs (CD11b + CD11c + ) was significantly decreased in anti-dll4-treated mice. To determine whether the decreased numbers of DCs seen in granulomas from anti-dll4-treated mice were due to impaired recruitment of DCs, we examined the chemokine expression in the lung. As shown in Figure 7F , the treatment of mice with anti-dll4 led to decreased expression in the lungs of DC and Th17 recruitment chemokine CCL20.
dll4 specifically regulates activation of Th17 cytokines during immune response. To directly test the effect of dll4 on the Th phenotype,
we performed an in vitro lung CD4 + T cell cytokine expression assay with BCG-stimulated BM-derived DCs with either depletion or addition of dll4. As shown in Figure 8 , A and B, addition of recombinant dll4 augmented IL-17 production from T cells isolated from BCG-challenged lungs concomitant with BCG-treated BM-derived DCs while having no effect on IFN-γ production. Additionally, anti-dll4 Ab added to similar cultures significantly decreased IL-17 production with no effect on IFN-γ production ( Figure 8, C and D) . To determine whether the effect of dll4 on IL-17 and IFN-γ was Ag specific, we evaluated the production of these cytokines by splenic CD4 + T cells harvested from DO11.10 mice, which have OVA-specific TCR, that were cocultured with BM-derived DCs from WT or Tlr9 -/-mice ( Figure 8, E and F) . No significant differences in the production of IFN-γ and IL-17 were seen in T cells cocultured with BM-derived DCs from WT or Tlr9 -/-mice after stimulation with only OVA, underscoring the importance of DC-derived TLR9 activation, as these APCs engage T cell activation events.
Schematic of TLR9/Notch ligand (dll4)/Th17 phenotype pathway in the evolution of mycobacteria-dependent lung granuloma. As summarized in the schematic found in Figure 9 , DCs via a TLR9/dll4 network are instrumental in the differentiation of Th17 cells during mycobacteria-dependent granuloma formation. Granulomas in Tlr9 -/-mice present with decreased numbers of both Th17 cells and mDCs, yet they exhibit an increase in the elicitation of granuloma macrophages and an overall exacerbation of the size of the developing lung lesion. In addition, the granulomatous lungs of the Tlr9 -/-mice possess impaired levels of dll4 and the chemokines CCL20 and CCL22 as well as lower levels of IL-17 and the family of Th17 related cytokines, as compared with WT mice. Collectively, the data support a key contribution of DC-dependent TLR9 and dll4 expression to the development of a Th17 phenotype during mycobacteria-directed immune responses.
Discussion
The present investigation represents what we believe is the first analysis of cell-mediated Th17-related pulmonary Mycobacterium Ag-elicited granuloma formation in mice with targeted disruption of the TLR9 gene and defines a role for TLR9 in the induction of dll4 and Th17 expression using both in vivo and in vitro approaches. Our results demonstrate that dll4 supports Th17 effector function and the TLR9 signaling pathway plays a central role by upregulating dll4 in response to Mycobacterium Ags. Our studies demonstrate that Tlr9-deficient mice exhibited significantly larger granuloma formation with an accompanied impaired Th17-like response. The observed histologic alterations in lung granuloma development in Tlr9 -/-mice coincided with a significant decrease in lung mDCs, which are crucial to the differentiation of Th17 cells, as well as decreased levels of dll4 on DCs when compared with those of WT mice.
We have utilized a well-established model of granulomatous lung inflammation that employs the embolization of sepharose beads coated with PPD from M. tuberculosis into previously immunized BCG mice. This model possesses many of the histologic characteristics observed in Mycobacterium infections (21) . It is likely that TLRs are mechanistically involved in this process, as DNA from BCG has been shown to have immunostimulatory properties (39) due to the binding of unmethylated bacterial DNA CpG motifs to host cell TLR9 (17, 40) , which causes the activation of innate immune cells (19, 20) . Our studies showed reduced expression of IL-17 in Tlr9 -/-mice as well as larger granuloma formation when compared with WT mice, suggesting the pivotal role of TLR9 in driving the Th17-mediated immune response to Mycobacterium Ags. The involvement of IL-17 in immune response against intracellular bacteria Mycobacterium bovis BCG or M. tuberculosis has been suggested from the analysis of IL-23-deficient mice (41) . IL-23 shares a p40 subunit with IL-12, a Th1-inducing cytokine (42) . However, IL-12 and IL-23 are, respectively, DC- and macrophage-derived heterodimeric cytokines with distinct functions and structures (43, 44) . IL-12 preferentially induces T cells to produce IFN-γ, thereby activating phagocytes to kill intracellular patho- gens. In contrast, IL-23 promotes chronic inflammatory responses such as those observed in EAE (45) and collagen-induced arthritis (46) , largely by stimulating T cells to produce IL-17 (47, 48) .
Although IL-23 appeared to be required for Th17-mediated immunopathology, more recent reports indicate that it is not required for Th17 commitment and that the concomitant activity of IL-6 and TGF-β appears to be necessary for initiation of Th17 differentiation (25) . However, IL-23 does appear to be important for amplifying and/or stabilizing the Th17 phenotype (49) . The IL-12/23p40-deficient mice, which lack both IL-12 and IL-23, were more susceptible to microbial infection than IL-12p35-deficient mice, which lack only IL-12 (41) . In contrast, IL-23p19-deficient mice, which lack only IL-23, showed normal protective immunity against Mycobacterium Ags (50) . These studies are consistent with our data showing that enhanced granuloma formation with decreased IL-17 production in lungs may be correlated with a reduction in both IL-12p40 and IL-23p19 expression on DCs in Tlr9-deficient mice. Recent studies have shown that IL-17 does not play a significant protective role during a primary immune response; however, the presence of T cells capable of producing IL-17 during a secondary immune response does contribute to protection against Mycobacterium Ag challenge (51-53). These investigations suggest that Mycobacterium Ag-specific Th17 cells are potentially a new class of effector T cells that respond to mycobacterial challenge. The published reports cited above agree with our findings, which show that IL-17 expression and the Th17 population in lungs receiving only a primary BCG infection are identical between WT and Tlr9 -/-mice (data not shown). Interestingly, both the expression of IL-17 and the number of Th17 cells were reduced in Tlr9 -/-mice compared with WT mice following secondary PPD-bead challenge.
IL-6 contributes to host resistance against mycobacterial infection due to its immunoenhancing activity (54) . Our study showed that specific blockage of IL-6 recapitulates the granuloma phenotype in Tlr9 -/-mice with a decreased number of Th17 cells and lower expression of IL-21. IL-21, a cytokine induced by IL-6 in activated T cells, is another cytokine highly expressed by mouse Th17 cells (27) . IL-21 potently induces Th17 differentiation and develops a positive feedback loop to further amplify the Th17 response (55) . The decreased production of IL-17 in Tlr9-deficient lungs during granuloma formation results from reduced levels of IL-6 and IL-21. In addition, our data demonstrated a decrease in DCs and enhanced macrophage recruitment during pulmonary granuloma formation in Tlr9 -/-mice. The lower production of IL-6 during mycobacterial challenge in Tlr9-deficient DCs may contribute to decreased numbers of Th17 cells during pulmonary granuloma formation. Moreover, we have demonstrated in this study that BCG-pulsed DCs but not macrophages induced IL-17 production by lung CD4 + T cells after restimulation. Denning et al. demonstrated that lamina propria macrophages, which produce IL-10, suppress the differentiation of Th17, while lamina propria DCs induce IL-17 production (36) . The data in our study demonstrated enhanced production of IL-10 in BM-derived macrophages during mycobacterial challenge in Tlr9 -/-mice. The data also suggest these are not alternatively activated macrophages but type II-activated macrophages that produce high levels of IL-10 (56). Because macrophages from Tlr9 -/-mice produce decreased amounts of TNF-α and enhanced levels of IL-10 compared with WT-derived macrophages, they fail to support a Th17 phenotype.
Our results demonstrate that DC-derived Notch ligand dll4 regulates activation of Th17 cytokines in response to Mycobacterium Ags. The present investigation represents what we believe is the first analysis of cell-mediated Th17-related pulmonary granuloma formation in mice and examines the role of dll4 in Th17 cytokine response in both in vivo and in vitro studies. Our studies demonstrate that anti-dll4-treated mice exhibited significantly larger granuloma formation with an accompanied impaired Th17-like response. Our studies also show that dll4 is required for optimal IL-17 production to Ag, but its role in Th17 differentiation is uncertain.
Just as the study of the biology of TLRs had its origin in developmental biology and then transitioned into inflammation and immunity, the field of Notch and Notch ligands began with early discoveries rooted in developmental biology. However, it is now clear that the Notch system is an important bridge between APCs and T cell communication circuits. DCs can respond to microbial ligands through TLRs (7), which function in the recognition of microbial components and play an important role in both the innate and adaptive immune response. CD4 + T cells are essential regulators of adaptive immune responses and inflammatory diseases. Upon antigenic stimulation by DCs, naive CD4 + T cells become activated, expand, and differentiate into various effector T cell helper subsets termed Th1, Th2 and Th17 and are characterized by the production of distinct cytokines and effector functions (57) .
Recent progress shows the importance of Th17 in both innate and acquired immunity against mycobacterial infections (42) . However, there has been little research on the role of the NotchNotch ligand system in acquired mycobacterial immunity and on the requirement of Notch activation in the development of Th17 responses. Our data establish that the Notch system is an important bridge between APCs and T cell communication circuits and, further, demonstrate that dll4 neutralization in vivo and in vitro during mycobacteria-induced pulmonary granuloma significantly reduces Th17 type cytokine production. Moreover, overexpression of dll4 augmented IL-17 production from T cells isolated from BCG-stimulated lungs. Importantly, dll4 was the primary Notch ligand upregulated on lung DCs and on BM-derived DCs grown in culture during mycobacterial challenge. dll4 expression from BCG-stimulated DCs from Tlr9 -/-mice was not totally abrogated, as dll4 was increased 8-fold; however, dll4 expression was increased 40-fold in BCG-stimulated WT DCs. The observation that in the absence of TLR9 some dll4 was still seen suggests that other pathways, potentially other TLRs, may interact with BCG Ags to upregulate dll4, but this upregulation is most potent in the presence of functional TLR9. We further established that these effects were specifically mycobacterial/ Mycobacterium Ag dependent because DCs from WT and Tlr9 -/-mice induced similar levels of IL-17 production from OVA-specific splenic T cells isolated from DO11.10 mice. Thus, in contrast to BCG, OVA stimulation does not use the TLR9 pathway. These data demonstrate that TLR9 is essential for a positive immune response to mycobacterial challenge and induces the Th17 phenotype via upregulation of dll4. These factors may also contribute to the exacerbation of chronic diseases seen clinically. The molecular mechanism of TLR9-mediated upregulation of dll4 expression during infection remains to be elucidated. It is unknown whether IL-6 or other key cytokines are critical to this process; however, determining the mechanism may reveal a potential clinical target for granuloma diseases.
Chemokines constitute a family of structurally related chemotactic cytokines that direct the migration of leukocytes throughout the body under both physiological and inflammatory conditions (58) . CCL20 and CCR6 play a role in the recruitment of immature DCs and their precursors to sites of potential Ag entry (37, 59) . The lower expression of CCL20 during mycobacterial challenge in both Tlr9-deficient and anti-dll4-treated lung may contribute to the observed decreased DC numbers during pulmonary granuloma formation. In addition, Hirota et al. showed that IL-17-producing Th17 cells express CCR6. Th17 cells induced in vivo in normal mice via homeostatic proliferation similarly express CCR6 as well as CCL20 (59) . The above published reports agree with our findings, which show that lower CCL20 expression in both lungs from Tlr9 -/-mice and lungs with anti-dll4 Ab might be correlated with not only impaired DC migration but also reduced numbers of Th17 cells in lungs during mycobacteriainduced pulmonary granuloma formation.
Our findings indicate that dll4 neutralization in vivo during granuloma formation dramatically decreased the Th17 cytokine profile (i.e., IL-17A, IL-17F, IL-6, and IL-21), but had no effect on the Th1 (IFN-γ) or Th2 (IL-4) cytokine profiles (data not shown). Recent studies demonstrate that both bacterial LPS and respiratory virus infection work through TLR4 to induce
Figure 8
The differentiation of Th17 cells from T cells restimulated with BCG was specifically regulated in a dll4-dependent manner. (A-D) Lung CD4 + T cells were isolated from WT mice and stimulated with BCG-pulsed BM-derived DCs from either WT or Tlr9 -/-mice. (E and F) Splenic CD4 + T cells were isolated from DO11.10 mice and stimulated with OVA-pulsed BM-derived DCs from either WT or Tlr9 -/-mice. Cells were cocultured with recombinant dll4 (rdll4) or PBS controls (A and B) or with anti-dll4 Ab or control IgG (C-F). Supernatants were assayed for IFN-γ production (A, C, and E) or IL-17 production (B, D, and F). *P < 0.05 compared with WT DC. # P < 0.01 compared with PBS (A and B) or control Ab (C and D) . Data shown are mean ± SEM and are from a representative experiment of 3 independent experiments. Each time point represents 4 mice per group.
DC-derived dll4 expression, which in turn regulates the balance of Th1/Th2 (60, 61) . It appears that dll4-regulated immune response of Th17 in mycobacterial infection may be different from other types of infection. Interestingly, both the TLR9 signaling pathway and the robust expression of dll4 on DCs is induced via the MyD88 pathway (60, 61) . In this study, we demonstrate a decreased expression of dll4 on DCs from Tlr9-deficient mice compared with DCs from WT mice, thus linking these pathways together. The present investigation represents an in-depth analysis of Th17 responses with targeted neutralization of dll4 and demonstrates that Th17 cytokine expression was inhibited by neutralizing dll4 and, further, was promoted by dll4 administration.
In summary, we present a comprehensive in vivo analysis of TLR9 participation in a granuloma model induced by mycobacteria-associated Ags. TLR9 deficiency resulted in accelerated granulomatous response and a decreased Th17 cytokine profile during pulmonary granuloma formation. This was associated with a decreased number of mDCs, which can promote the differentiation of Th17 cells, and a significantly increased expression of dll4. Furthermore, Th17 cytokine expression was specifically regulated by dll4 expression on DCs. This study supports the concept that an understanding of dll4 regulation of the Th17 response may provide mechanistic approaches for modifying and controlling the immune response that may ultimately have clinical applicability.
Figure 9
Schematic representation of the TLR9-Notch ligand (dll4) on Mycobacterium-dependent granuloma formation. DCs play an important role in inducing the differentiation of Th17 cells through the TLR9 effector pathway that upregulates the Notch ligand dll4. In vivo granuloma formation induced by BCG/Mycobacterium Ag demonstrates larger granuloma formation in Tlr9 -/-mice with decreased numbers of Th17 cells and mDCs in the lungs when compared with lung granulomas from WT mice. Further, Tlr9 -/-mice showed an increase in IL-10 with a concomitant decrease in Th17 cell-related cytokines (IL-17, IL-6, IL-21, IL-23, and TNF-α) and a decrease in the levels of the chemokines CCL20 and CCL22, important for DC migration, compared with levels in WT mice. The decreased expression of dll4 and the perturbation of the indicated cytokine and chemokine expression levels led to the abrogation of the Th17 phenotype in the Tlr9 -/-mice with the concomitant increase in granuloma size. Accompanying these phenomena, there was a decrease in Th17 cells and mDCs in the lungs of Tlr9 -/-mice and an increase in lung macrophages. L, lymphocyte; M, macrophage.
